Oxidative stress is a prominent feature of Huntington disease (HD), and we have shown previously that reduced levels of hace1 (HECT domain and Ankyrin repeat containing E3 ubiquitin protein ligase 1) in patient striatum may contribute to the pathogenesis of HD. Hace1 promotes the stability of Nrf2 and thus plays an important role in antioxidant response mechanisms, which are dysfunctional in HD. Moreover, hace1 overexpression mitigates mutant huntingtin (mHTT)-induced oxidative stress in vitro through promotion of the Nrf2 antioxidant response. Here, we show that the genetic ablation of hace1 in the YAC128 mouse model of HD accelerates motor deficits and exacerbates cognitive and psychiatric phenotypes in vivo. We find that both the expression of mHTT and the ablation of hace1 alone are sufficient to cause deficits in astrocytic mitochondrial respiration. We confirm the crucial role of hace1 in astrocytes in vivo, since its ablation is sufficient to cause dramatic astrogliosis in wild-type FVB/N mice. Astrogliosis is not observed in the presence of mHTT but a strong dysregulation in the expression of astrocytic markers in HACE1 À/À x YAC128 striatum suggests an additive effect of mHTT expression and hace1 loss on this cell type. HACE1 À/À x YAC128 mice and primary cells derived from these animals therefore provide model systems that will allow for the further dissection of Nrf2 pathways and astrocyte dysfunction in the context of HD.
Introduction
The complex pathogenesis of Huntington disease (HD) has been linked to defects in a large variety of critical cellular pathways, including mitochondrial function and oxidative stress (1, 2) . Mutant huntingtin (mHTT) expressing neurons are more vulnerable to stressors such as reactive oxygen species (ROS) or excitotoxic stimuli leading to aberrant Ca 2þ signaling (1, (3) (4) (5) .
damage, which is evident in brain as well as peripheral tissues from HD patients (12) (13) (14) . Furthermore, antioxidant defense mechanisms are impaired in HD, and master regulators of these pathways such as PGC1a and Nrf2 have been proposed as potential therapeutic targets (2) . In this context, we have recently reported that the overexpression of hace1 (Homologous to the E6-AP Carboxyl Terminus domain and ankyrin repeat containing E3 ubiquitin protein ligase 1) in vitro mitigates oxidative stress caused by the expression of mHTT by promoting the Nrf2-dependent oxidative stress response (15) . HACE1
À/À mice show reduced expression of antioxidant genes and increased markers of oxidative stress in the brain, and hace1 protein levels are significantly reduced in postmortem striatal tissue of HD patients (15) . The loss of hace1 in HD may, therefore, reduce Nrf2 activity in affected neurons and brain regions despite high levels of oxidative stress. This would lead to an inefficient antioxidant defense and progressive neuronal dysfunction and death, similar to what is observed in Alzheimer's or Parkinson's diseases (16) . The YAC128 mouse model of HD mimics an early stage of the disease, with a number of well-characterized and agedependent progressive neurological phenotypes (17, 18) . Although these mice accurately model a large number of HD signs and symptoms, excessive oxidative damage comparable to what has been demonstrated in human patients has not been reported (19) . In particular, the reduction in hace1 levels observed in HD patients is not recapitulated in YAC128 mice (15) . In an effort to further explore the function of hace1 in HD, we created HACE1 À/À x YAC128 mice. Although these animals
show an acceleration and/or worsening of some HD-related signs compared with YAC128 mice, the ablation of hace1 in wild-type (WT) animals of the FVB/N strain also caused motor, cognitive and psychiatric deficits in vivo and mitochondrial defects in vitro. We furthermore found a significant impact of hace1 ablation on astrocytes, which is in line with the importance of this cell type for the oxidative stress response in the brain.
Results
The ablation of hace1 reduces the basal expression of specific Nrf2 target genes
We have shown previously that hace1 is required for optimal induction of Nrf2 target genes in response to oxidative stress (15) . In addition, the ablation of hace1 reduces the expression of phase II protective enzymes containing antioxidant response elements (ARE) such as heme oxygenase-1 (Hmox1), glutathione S transferase (GST), glutamate-cysteine ligase (GCLc), Nicotinamide adenine dinucleotide phosphate quinone oxidoreductase 1 (Nqo1) and others under conditions of oxidative stress (15) . ARE regulate both the basal and inducible activity of these genes, which constitutes an important defense mechanism against neurodegeneration (20) . Astrocytes are of particular importance for the oxidative stress response in vivo, and recent studies have shown that Nrf2 is more active in astrocytes than in neurons (21, 22) . We therefore generated primary astrocyte cultures that were $95% pure as determined by staining for Glutamate aspartate transporter (GLAST) and subsequent fluorescence activated cell sorting (FACS) analysis (Supplementary Material, Fig. S1 ). Live-cell imaging with a ROS-sensitive dye revealed increased staining in astrocytes derived from YAC128, HACE1 À/À and HACE1 À/À x YAC128 mice at baseline (Fig. 1A , HTT genotype effect P ¼ 0.3891, hace1 genotype effect P < 0.0001, interaction P < 0.0001). We then determined the expression levels of ARE-containing Nrf2 target genes to investigate the functionality of the oxidative stress response in HACE1 À/À x YAC128 cells. Surprisingly, we found that the ablation of hace1 in astrocytes specifically reduced the expression of Nqo1, but not Hmox1, GST or GCLc (Fig. 1B-E) . On the contrary, ARE-containing genes involved in glutathione metabolism (GST and GClc) were upregulated in HACE1 À/À x YAC128 astrocytes (GST: HTT genotype effect P ¼ 0.9394, hace1 genotype effect P ¼ 0.0197, interaction P ¼ 0.1715; GCLc: HTT genotype effect P ¼ 0.9373, hace1 genotype effect P ¼ 0.0106, interaction P ¼ 0.2060), suggesting a compensatory pathway circumventing the need for hace1 in the regulation of these genes ( Fig. 1D and E) . mHTT expression in YAC128 cultures decreased Nqo1 expression to a similar degree as seen with the ablation of hace1, with no further additive effect in HACE1 À/À x YAC128 astrocytes (Fig. 1B) (Nqo1: HTT genotype effect P ¼ 0.0053, hace1 genotype effect P ¼ 0.0008, interaction P ¼ 0.0011). Hmox1 mRNA was also slightly decreased in YAC128 cultures (Fig. 1C) , again with no discernible additive effect of hace1 ablation (Hmox1: HTT genotype effect
To confirm the functionality of Nrf2 in our cultures, we next treated astrocyte cultures with tert-butylhydroquinone (tBHQ), which stabilizes Nrf2 on the protein level and thus promotes the expression of ARE-containing genes (23) . Treatment with tBHQ strongly increased the expression of Hmox1 in astrocytes of all four genotypes, confirming that the Nrf2 response is functional in the absence of hace1 and may therefore be induced through hace1 independent pathways (Fig. 1F , tBHQ effect P < 0.0001, genotype effect P ¼ 0.4231, interaction P ¼ 0.6015).
In neurons, the ablation of hace1 again only had limited effects on the basal expression of ARE-containing genes. Although Hmox1 levels were similarly reduced in YAC128 and HACE1
À Taken together, the expression of Nrf2 target genes is differentially affected by the ablation of hace1 in neurons and astrocytes, suggesting cell type-specific regulatory mechanisms in the oxidative stress response. Interestingly, the expression of mHTT alone in YAC128 cultures is sufficient to lower mRNA levels of Hmox1 in neurons and Nqo1 in astrocytes, even though ROS levels are elevated.
mHTT expression and loss of hace1 cause mitochondrial dysfunction
In addition to promoting ARE-mediated transcription, Nrf2 is also well-known for supporting mitochondrial function and integrity under basal as well as oxidative stress conditions. The ablation of Nrf2 impairs the activity of respiratory complex I, lowers mitochondrial membrane potential and reduces adenosine triphosphate (ATP) generation through reduced oxidative phosphorylation (24) . To evaluate the impact of hace1 ablation and concomitant expression of mHTT on mitochondrial function, we performed respiratory flux experiments on astrocytes using a Seahorse extracellular flux analyser (25, 26) . The Seahorse instrument uses the sequential addition of oligomycin, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) and a combination of rotenone and antimycin A coupled with continuous monitoring of the oxygen consumption rate (OCR) to determine basal respiration, ATP production, maximal respiration and proton leak of living cells and thus provides a comprehensive profile of mitochondrial function (25, 26) . Basal respiratory capacity equals the OCR measured by the instrument from untreated cells. After the injection of the ATP synthase inhibitor oligomycin, the OCR drops, and this difference represents the respiration required for ATP synthesis (26) . Next, the uncoupling reagent FCCP is added, which dissipates the mitochondrial membrane potential (DWm) and thus unmasks the total, DWm-independent capacity of the respiratory chain (26) . Lastly, the difference in OCR between basal and maximal respiration yields the spare respiratory capacity, an indicator of how close to their maximal potential mitochondria are operating at baseline (26) .
Interestingly, we found that both YAC128 and HACE1 Fig. 3A) , although the effect of mHTT expression alone did not reach statistical significance (HTT genotype effect P ¼ 0.0582, hace1 genotype effect P ¼ 0.0201, interaction P ¼ 0.0204). These proliferation deficits were even more pronounced and highly significant when manual counting on consecutive days was used to determine cell numbers in parallel astrocyte cultures. Astrocytes derived from either YAC128 or HACE1 À/À mice exhibited slower growth than WT cells, while the cell numbers for HACE1 À/À x YAC128 astrocytes hardly increased at all over 4 days ( Fig. 3B ) (HTT genotype effect P < 0.0001, hace1 analysis of variance (ANOVA) with Bonferroni post hoc correction. *P < 0.05, **P < 0.01, ***P < 0.001. genotype effect P < 0.0001, interaction P ¼ 0.0221). These proliferation deficits are likely due to the metabolic dysfunction observed earlier, and taken together our data suggest that both the ablation of hace1 and the expression of mHTT strongly impair astrocytic mitochondrial respiration and proliferation.
Hace1 deficiency accelerates onset of motor deficits in YAC128 mice
We next decided to investigate the impact of hace1 ablation on HD-like phenotypes in vivo. Progressive motor deficits are a cardinal feature of HD (31) that is recapitulated in YAC128 mice (17) . To assess motor performance, longitudinal accelerating rotarod and spontaneous climbing tests were performed at 2 month intervals from 2 to 12 months of age. YAC128 mice performed similarly to WT littermates in the accelerating rotarod task at 2 months of age. However, performance declined with age leading to a significantly reduced latency to fall from the rod by 4 months of age (HTT genotype effect P < 0.0001) (Fig. 4A) , consistent with previous studies (17, 32) . HACE1 À/À performed similar to WT mice, with a trend toward reduced latency to fall observed in older mice that did not reach significance by post hoc analysis (Fig. 4A ). Similar to YAC128 mice, HACE1 À/À x YAC128 animals showed a significant deficit at older ages. However, this group was also impaired at 2 months of age, falling from the rod significantly sooner than WT littermates ( Fig. 4A) , indicating an earlier onset of progressive motor deficits in YAC128 mice that lack hace1 (hace1 genotype effect
In a second assessment of motor activity, YAC128 mice spent significantly less time climbing than WT littermates at 2 months of age. After 4 months of age only negligible spontaneous climbing was observed in this genotype (HTT genotype effect P < 0.0001) (Fig. 4B ), consistent with previous findings (33, 34) . HACE1 À/À mice performed similar to YAC128 mice in this task, indicating that hace1 deficiency alone can induce deficits in spontaneous climbing. HACE1 À/À x YAC128 mice performed significantly worse than YAC128 mice at 2 months of age, confirming an acceleration of the YAC128 motor deficit by hace1 deficiency (hace1 genotype effect P < 0.0001, interaction
Hace1 deficiency exacerbates depressive-like behavior in YAC128 mice
Depression is the most common psychiatric change associated with HD, occurring in as many as 50% of HD mutation positive individuals (31) . To assess depressive-like behavior in WT, YAC128, HACE1 À/À and HACE1 À/À x YAC128 littermates, 12-month-old mice were subjected to forced swimming and time spent immobile was scored. In this test, YAC128 mice spent significantly more time immobile than WT mice (HTT genotype effect P < 0.0001) (Fig. 5A ), consistent with previous reports (35, 36) . Although the ablation of hace1 alone did not significantly impact the time immobile in this task, HACE1 À/À x YAC128 mice performed worse than both HACE1 À/À and YAC128 mice (hace1 genotype effect P ¼ 0.0103, interaction P ¼ 0.1201) (Fig. 5A ), suggesting an exacerbation of the YAC128 depressivelike phenotype by hace1 deficiency.
Hace1 deficiency may induce hypoactivity and anxietylike behavior in WT mice
Anxiety is common in HD mutation carriers and often precedes onset of motor symptoms (31) . Exploration of an elevated plus maze or a brightly lit open field was used to assess anxiety-like behavior in WT, YAC128, HACE1 À/À and HACE1 À/À x YAC128 littermates. Six-month-old YAC128 mice displayed anxiety-like behavior during elevated plus maze exploration, spending significantly less time in the open arms than WT littermates (HTT genotype effect P < 0.0001). There was no effect of hace1 loss on this phenotype (hace1 genotype effect P ¼ 0.1466, interaction P ¼ 0.9176) (Fig. 5B) . Latency to fall from the accelerating rod was scored at 2 month intervals from 2 to 12 months of age. YAC128 mice performed similarly to WT littermates at 2 months of age but displayed progressive motor deficits from 4 months of age as measured by significantly reduced latency to fall. Hace1 loss alone had no effect on motor performance as HACE1 À/À mice performed similarly to WT mice at all ages. HACE1 À/À x YAC128 mice displayed the earliest onset motor deficits of all experimental genotypes with significantly shorter latency to fall compared with WT littermates from 2 months of age. (B) Motor performance was evaluated in the longitudinal test of spontaneous climbing. YAC128, HACE1 À/À and HACE1 À/À x YAC128 mice all spent significantly less total time climbing during a 5 min exploration than WT littermates.
HACE1
À/À x YAC128 mice displayed a strong deficit already at 2 months of age, spending significantly less time climbing than YAC128 littermates at this early timepoint. Mean 6 S.E.M. is graphed. Statistical significance was determined by two-way ANOVA with Bonferroni post hoc correction. *Different from WT, #different from YAC128. *P < 0.05, **P < 0.01, ***P < 0.001.
At 8 months of age, when animals were exposed to the open field apparatus, YAC128 mice were hypoactive with reduced total distance traveled compared with WT mice. HACE1 À/À x YAC128 mice traveled a similar distance as YAC128 mice, while hace1 loss alone induced hypoactivity, as HACE1 À/À mice traveled significantly less than WT mice (HTT genotype effect P ¼ 0.7869, hace1 genotype effect P < 0.0001, interaction P ¼ 0.0026) (Fig. 5C ). The quantification of time spent in the center of the open field confirmed these results: YAC128 mice spent significantly less time in the center compared with WT mice (HTT genotype effect P ¼ 0.0491) (Fig. 5D ), consistent with previous reports (33, 34) . Both HACE1 À/À x YAC128 and HACE1 À/À mice displayed an anxiety-like phenotype similar to YAC128 animals (hace1 genotype effect P < 0.0001, interaction P ¼ 0.0011) (Fig. 5D ). Although the anxiety phenotype in YAC128 mice is thus not further exacerbated by the loss of hace1 in either of the two tests we performed, the ablation of hace1 alone was sufficient to induce anxious behavior in open field but not elevated plus maze exploration. However, the elevated plus maze exploration test was performed at 6 months of age, while open field exploration was performed later at 8 months of age. It is therefore possible that hace1 loss causes anxiety with a late onset, which was not yet apparent at 6 months of age.
Hace1 deficiency may exacerbate cognitive deficits in YAC128 mice
Cognitive deficits can precede onset of motor symptoms in HD (31) and in YAC128 mice (32) . To evaluate the effect of hace1 loss on cognitive performance in YAC128 mice, motor learning was evaluated on the rotarod at 2 months of age and object location and recognition learning assays were performed at 4 months of age. During the training phase with a fixed speed rotarod paradigm, YAC128 mice fell more frequently and sooner from the rod than WT mice on training days 1 and 2, respectively. This suggests a motor learning deficit, which is consistent with previous reports (32) . On training day 3, YAC128 mice performed similarly to WT mice, indicating that motor performance, on the other hand, is normal at this age ( Fig. 6A and B) . HACE1 À/À mice exhibited normal motor performance and motor learning, while HACE1 À/À x YAC128 mice fell more frequently (days [1] [2] and sooner (days 1-3) from the rod than WT mice. HACE1 À/À x by two-way ANOVA with Bonferroni post hoc correction. *Difference between indicated bars, *P < 0.05, **P < 0.01, ***P < 0.001.
YAC128 mice also performed worse than YAC128 on training day 1 ( Fig. 6A and B) , suggesting an exacerbation of the YAC128 motor learning deficit. However, HACE1 À/À x YAC128 mice also showed overall impaired motor performance on the rotarod at this age (Fig. 4A) , which may confound the results and preclude an accurate analysis of cognitive deficits. Therefore, we next assessed spatial learning and object recognition at 4 months of age by preference for a known object in a novel location or for a novel object, respectively. This time point was chosen because at this age YAC128 mice have impaired object location learning but intact object recognition (unpublished). Thus, it would allow detection of either an amelioration or exacerbation of cognitive deficits.
WT mice showed a preference for a known object in a novel location, spending more time investigating a moved object than one in its original position. YAC128, HACE1
À/À and HACE1 À/À x YAC128 mice showed no preference for investigating the moved object (Fig. 6C ), suggesting that mHTT or hace1 loss are sufficient to disrupt object spatial learning at this age. Both WT and YAC128 mice showed a preference for a novel object over a known object. Neither HACE1 À/À nor HACE1 À/À x YAC128 mice showed a significant preference for a novel object (Fig. 6D) , indicating that hace1 loss is sufficient to disrupt object recognition. Taken together, these results suggest that hace1 loss is sufficient to induce cognitive deficits and may accelerate onset or exacerbate severity of cognitive deficits in YAC128 mice.
Hace1 deficiency increases forebrain size and causes astrogliosis in WT but not YAC128 mice
Forebrain-specific atrophy and reduced striatal volume due to the loss of medium-spiny neurons are neuropathological features of HD that are recapitulated in YAC128 mice (37, 38) . These phenotypes are particularly pronounced on the FVB/N strain, which may be due to the sensitivity to excitotoxicity of this mouse strain (39, 40) . At 3 months of age, YAC128 mice do not yet exhibit forebrain weight loss (HTT genotype effect P ¼ 0.2036). However, the ablation of hace1 alone increased forebrain weight (hace1 genotype effect P ¼ 0.0352, interaction P ¼ 0.2727), although this difference failed to reach post hoc significance (Supplementary Material, Fig.  S3A ). As expected, YAC128 mice had significantly reduced forebrain weight compared with WT littermates by 12 months of age (HTT genotype effect P < 0.0001), while the forebrain weight of HACE1 À/À animals showed a dramatic increase compared with WT ( Fig. 7A) . Interestingly, HACE1 À/À x YAC128 mice exhibited similar forebrain weight loss as YAC128 (hace1 genotype effect P ¼ 0.0015, interaction P ¼ 0.0084) (Fig. 7A) . This bimodal effect of hace1 ablation that is dependent on the presence or absence of mHTT was mirrored by striatal and cortical volume measurements: in agreement with published data, a trend toward reduced striatal volume was observed in 3-month-old YAC128 mice (HTT genotype effect P ¼ 0.0007) (Supplementary Material, Fig. S3B) , and a significant reduction Figure 6 . Loss of hace1 may exacerbate cognitive deficits in YAC128 mice. (A and B) Motor learning was assessed at 2 months of age during rotarod training. YAC128 mice exhibited impaired motor learning, falling more frequently (A) and sooner (B) from the rod than WT mice during training despite no deficit in performance during accelerating rotarod testing at this age. HACE1 À/À mice performed similarly to WT littermates, indicating no deficits in motor learning. HACE1 À/À x YAC128 mice fell more frequently (A) and sooner (B) from the rod than YAC128 littermates, indicating a possible exacerbation of motor learning deficits. However, these mice also exhibited significant motor deficits during accelerating rotarod testing at this age, confounding interpretation of motor learning performance. (C and D) Spatial learning and object recognition were evaluated at 4 months of age by preference for a known object in a novel location (C) or preference for a novel object (D). WT mice exhibited normal learning in both paradigms, while YAC128 mice showed no preference for a moved object, indicating a spatial learning deficit. YAC128 mice did show a preference for a novel object, indicating intact object recognition at this age. HACE1 À/À and HACE1 À/À x YAC128 mice failed to exhibit normal learning in either paradigm, indicating that hace1 loss is sufficient to disrupt both spatial learning and object recognition. Mean 6 S.E.M. is graphed. Statistical significance was determined by two-way ANOVA with Bonferroni post hoc correction. For A and B, *different from WT, #different from YAC128 and for C and D, *difference between indicated bars, *P < 0.05, **P < 0.01, ***P < 0.001.
in striatal and cortical volume was seen at 12 months of age ( Fig. 7B and C, striatum: HTT genotype effect P < 0.0001, cortex: HTT genotype effect P < 0.0001). Hace1 loss did not affect striatal volume in YAC128 mice but increased striatal volume at both 3 and 12 months and cortical volume at 12 months of age on a WT background (Supplementary Material, Fig. S3B , Fig. 7B and C, striatum: 3 mo hace1 genotype effect P ¼ 0.0224, interaction P ¼ 0.1038, 12 mo hace1 genotype effect P ¼ 0.0016, interaction P ¼ 0.0558, cortex: 12 mo hace1 genotype effect P ¼ 0.0153, interaction P ¼ 0.0452). These phenotypes are reminiscent of a sporadic seizure disorder prominent in FVB/N mice, which can lead to reactive astrogliosis and enlarged forebrains (41) (42) (43) . Consistent with this phenomenon, we noted mild striatal astrogliosis in 3-month-old HACE1 À/À mice that was not present in WT, YAC128 mice and HACE1 À/À x YAC128 animals (Supplementary Material, Fig. S3C ). At 12 months of age, striatal glial fibrillary acidic protein (GFAP) immunoreactivity was higher in all four genotypes than at 3 months, consistent with a normal age-dependent increase in GFAP expression (44, 45) . However, striatal GFAP staining in 12-month-old HACE1 À/À brains was significantly more intense and dense than in WT brains (hace1 genotype effect P ¼ 0.0384), indicating widespread reactive astrogliosis. This effect was not seen in YAC128 or HACE1 À/À x YAC128 brains ( Fig. 7D ) (HTT genotype effect P ¼ 0.0630; interaction P ¼ 0.0036).
Hace1 deficiency differentially alters the expression of astrocyte markers in WT and YAC128 striatum
To analyze the differences in reactive astrocytes between HACE1 À/À and HACE1 À/À x YAC128 mice in more detail, we used quantitative RT-PCR analysis to determine the expression of the astrocytic marker genes GFAP, S100b and Slc1a3 (Glast). In line with the absence of astrogliosis in HACE1 À/À x YAC128 animals, we detected that the presence of mHTT led to a significant decrease in striatal GFAP expression (Fig. 8A , HTT genotype effect P ¼ 0.0009, hace1 genotype effect P ¼ 0.09977, interaction P ¼ 0.4142). Interestingly, HACE1 À/À x YAC128 mice showed a strong upregulation of S100b compared with their HACE1 À/À littermates (Fig. 8B , HTT genotype effect P ¼ 0.0093, hace1 genotype effect P ¼ 0.3683, interaction P ¼ 0.0059). The expression of Slc1a3 showed no statistically significant differences between experimental genotypes, suggesting that this marker is not altered by astrogliosis (Fig. 8C , HTT genotype effect P ¼ 0.7494, hace1 genotype effect P ¼ 0.1038, interaction P ¼ 0.0140). Taken together, these results suggest that the loss of hace1 increases the natural susceptibility of FVB/N WT mice to astrogliosis and cerebral hypertrophy, while the overexpression of mHTT in YAC128 mice prevents this pathology. These differences are reflected by opposing expression patterns of the reactive astrocyte markers GFAP and S100b. Since astrogliosis phenotypes have been reported in Nrf2 À/À mice (46), the HACE1 À/À phenotype may be due to reduced Nrf2 activity.
Discussion
Oxidative stress and mitochondrial dysfunction are welldescribed features of HD and have been observed in a variety of cells and tissues directly derived from patients (4, (12) (13) (14) 47) . mHTT itself can localize to the mitochondria where it causes defects in mitochondrial fission dynamics and mitochondrial protein import (11, 48) . In addition, there is evidence for the impairment of PGC1a, a master regulator of mitochondrial function, in HD (49) (50) (51) (52) (53) (54) (55) . Together with Nrf2, PGC1a regulates the expression of nuclear-encoded mitochondrial genes, and it also contributes to the expression of ARE-containing phase II detoxifying enzymes (55, 56) . For these reasons, the activation of both PGC1a and Nrf2 have been proposed as therapeutic strategies to counteract oxidative stress and mitochondrial dysfunction in HD. Nrf2 activators have shown promising results in HD mouse models (57, 58) but most of these studies were performed in models expressing only a short N-terminal fragment of mHTT (R6/2 or N171-82Q) with only modest benefits seen in YAC128 mice that express full-length mHTT (57) . Moreover, the agents used are not potent Nrf2 agonists and have activity against numerous other targets, which may have mitigated the positive effects. This is consistent with a study reporting no oxidative damage in brain tissues from YAC128 mice up to 12 months of age (19) . Nrf2 dysfunction in HD patients may be in part due to reduced levels of hace1 (15) , and to evaluate the impact of hace1 loss on the well-characterized HD-like phenotypes of the YAC128 model, we generated HACE1 À/À x YAC128 mice. Although increased neuronal Nrf2 activity is protective in the R6/2 and YAC128 mouse models of HD (57), astrocytic Nrf2 activity specifically protects from 3NP and malonate-induced toxicity (59) . Astrocytes are important mediators of protection from oxidative stress, and the constitutive ablation of Nrf2, in particular, leads to an astrogliosis phenotype in vivo (46) . The contribution of astrocytes to HD pathology is not well-studied but there is evidence that the expression of mHTT in astrocytes impairs neuronal energy metabolism, possibly through increased oxidative stress (60) . Astrocytes from BACHD mice expressing full-length mHTT exhibit increased glutamate release in vitro, which could contribute to excitotoxicity and downstream oxidative stress in neurons (61) . Furthermore, a recent study shows that the expression of mHTT in glia is sufficient to cause HD-like phenotypes in mice, suggesting that glial dysfunction has a significant impact on neuronal health and the pathogenesis of HD (62) .
Here, for the first time, we demonstrate astrocytic phenotypes in primary cultures derived from YAC128 mice, with significant deficits in mitochondrial respiration parameters and DWm as well as reduced astrocyte proliferation rates in vitro. Combined with reduced Nrf2 function in HACE1 À/À x YAC128 mice, a vicious cycle of oxidative stress and mitochondrial dysfunction may therefore be exacerbated. The changes observed in the expression of Hmox1 and Nqo1 in YAC128 neurons and astrocytes furthermore show that subtle alterations in the Nrf2 pathway as well as increased ROS are already present at baseline in primary astrocytes from this mouse model. These readouts should be useful to assess the impact of experimental therapeutics targeting the oxidative stress response and mitochondrial dysfunction. We show here that the lack of hace1 causes astrogliosis in vivo, similar to the ablation of Nrf2 (46) . This should lead to the release of pro-inflammatory factors such as NO, which is known to inhibit neuronal respiration, cause glutamate release and finally excitotoxic neuronal death (63) . This phenotype may be exacerbated on the FVB/N mouse strain, which is known to be susceptible to spontaneous seizures and accompanying astrogliosis (42, 43) as well as excitotoxicity (40, 64 ). Since we back-crossed HACE1 À/À mice to the FVB/N background for the purpose of this study, it may explain why this phenotype was not reported in the previous characterizations of HACE1 À/À mice on a different background strain (15, 65) . Interestingly, the expression of mHTT in HACE1 À/À x YAC128 mice dramatically reduces astrogliosis and accompanying alterations in brain weight seen in their HACE1 À/À littermates (Fig. 7) .
Furthermore, HACE1 À/À x YAC128 striata show reduced expression of GFAP paralleled by an increase in S100b compared with their HACE1 À/À littermates (Fig. 8) . Such different transcriptional responses to astrocyte dysfunction may underlie the striking difference in astrogliosis observed by neuropathological methods. A neuroprotective role for WT HTT has been established following excitotoxic stimuli both in vitro and in vivo (66) . Even the expression of mHTT can be protective in these paradigms, provided that the mHTT protein contains protective posttranslational modifications (resistance to cleavage at D586 and/or phosphorylation at S421) (67, 68) . Furthermore, mHTT can substitute for the essential function of WT HTT during development, suggesting that it retains some of its normal functionality even in the presence of the HD mutation (69) . Although no data is available on the function of WT HTT in astrocytes, it is possible that increased levels of total HTT caused by the expression of the mHTT transgene protects HACE1 À/À x YAC128 animals from the astrogliosis phenotype. Although the onset of astrogliosis in HACE1 À/À mice was observed at 3 months of age and obviates the assessment of HD-like neuropathological phenotypes, there is a clear additive effect of mHTT expression and hace1 ablation on the onset of motor deficits at 2 months of age. In addition, performance in the forced swim test for depression was significantly worsened in HACE1 À/À x YAC128 mice but not impacted by HACE1
À/À alone at 12 months of age, suggesting that some behavioral phenotypes are not impacted by astrogliosis and are exacerbated in HACE1 À/À x YAC128 compared with YAC128 mice. were determined by qPCR in striatal tissue of 6-month-old animals. (A) mHTT expression reduced GFAP levels, and this effect was particularly pronounced in the absence of hace1. (B) S100b expression, on the contrary, was significantly increased in HACE1 À/À x YAC128 striatum, suggesting that the activation status of astrocytes in these brains differs from HACE1 À/À samples. (C) No significant differences in the expression of the astrocyte marker Slc1a3 were observed in all four experimental genotypes. Mean 6 S.E.M. is graphed. Statistical significance was determined by two-way ANOVA with Bonferroni post hoc correction. *Difference between indicated bars, *P < 0.05, **P < 0.01, ***P < 0.001.
In summary, our study shows that the loss of hace1 impacts HD-like phenotypes in the YAC128 mouse model and reduced levels of hace1 in HD patients may thus contribute to the disease. We furthermore describe mitochondrial deficits as well as reduced expression of Nrf2 target genes in primary cultures derived from YAC128 mice that further contribute to the characterization of this HD mouse model.
Materials and Methods

Mice and breeding
Mice were maintained under a 12 h light:12 h dark cycle in a clean facility and given free access to food and water. Experiments were performed with the approval of the animal care committee of the University of British Columbia. HACE1 Table S1 .
Primary neuronal and astrocyte cultures
Embryos from timed-pregnant females were collected on day 15.5-16.5 of gestation. Brains were removed and transferred to Hibernate E (Invitrogen) for up to 24 h, during which time samples from the remaining embryonic tissues were genotyped (71) . Cortices were microdissected in ice-cold Hank's balanced salt solution (HBSSþ; Gibco), then diced and pooled for each genotype.
For neuronal cultures, cells were dissociated with 0.05% trypsin-Ethylenediaminetetraacetic acid (EDTA) (Gibco), followed by neutralization with 10% fetal calf serum in neuro basal medium (NBMþ) and DNase I treatment (153 U/ml). Tissue was triturated with a pipette five to six times. Cells were plated on poly-D-lysine coated 6-well plates with 2 ml of Neurobasal media (Gibco), B27 (Gibco), 100 U/ml penicillin-streptomycin (PS) (Gibco), 0.5 mM L-glutamine and maintained at 37 C, 5% CO 2 with humidity. Cells were fed with 200 ml fresh medium every fifth day. On days 9-11 in culture, cells were treated with 5 mg/ml tBHQ for 24 h if necessary and harvested by scraping. Cell pellets were washed in cold phosphate buffered saline (PBS) and stored at À80 C until further processing.
For astrocyte cultures, mouse pups at postnatal days 0-2 were sacrificed, brains were removed and stored in Hibernate E (Invitrogen) and a piece of non-central nervous system (CNS) tissue was kept for genotyping as described earlier. Cortical tissue was minced and cells were dissociated with 0.05% trypsin-EDTA (Gibco), followed by neutralization with 20% fetal calf serum in Dulbecco's modified Eagle medium (DMEM)/F12 medium (Gibco). Tissue was triturated with a pipette five to six times, and subjected to DNase I treatment (153 U/ml). Cells were plated on uncoated plates in high-glucose DMEM (Gibco) with 10% fetal calf serum, 100 U/ml PS (Gibco), 0.5 mM L-glutamine and maintained at 37 C, 5% CO 2 with humidity. Medium was exchanged after 24 h and then every 7 days. Cells were passaged when confluent and used for experiments at passages 2-4.
Purification of astrocytes
Astrocytes were purified from the mixed glial cultures by shaking the flasks at 180rpm. The media containing the microglia and oligodendrocytes were discarded and the adherent astrocytes were split and reseeded for various experiments. The purity of the astrocytes was further confirmed using flow cytometry using GLAST antibody (Miltenyi biotech) following the manufacturer's protocol. Briefly, around 10 6 cells were centrifuged at 300g for 10 min. The supernatant was completely removed and the cells were resuspended in 100 ll of buffer (PBS þ 0.5% bovine serum albumin [BSA] ). Ten microliters of the Anti-GLAST (ACSA-1) antibody was added and incubated for 10 min in the dark (at 4 C). After incubation, the cells were washed with buffer and centrifuged at 300g for 10 min. The cell pellet was resuspended in a suitable amount of buffer for analysis by flow cytometry.
RNA extraction and qRT-PCR
RNA was extracted from cultured neurons, astrocytes or striatal tissue using the PureLink mini RNA extraction kit (Life Technologies). RNA was treated with DNase I (Invitrogen) and 500 ng of RNA were reverse transcribed using SuperScript III (Invitrogen) and oligo-dT primers according to manufacturer's instructions to generate cDNA for qRT-PCR. The PCR was run with SYBR Green Power master mix (Applied Biosystems) on the ABI Prism 7500 Sequence Detection System. Each sample was run in triplicate. Relative gene expression was determined by using the DDC T method, normalizing to Rpl13a or UBC mRNA levels. The following primers were used: 
ROS assay
Oxidative stress was measured using CellROX green reagent (Life Technologies). Cells were treated with 5 mM Cell Rox Green reagent in complete medium. Following 30 min incubation, the cells were washed with PBS and imaged live on a Zeiss AXIOvert inverted microscope using a 40Â objective using the same exposure settings for all samples. In total, 16-21 images were taken randomly for each genotype, and fluorescence intensity was determined as mean optical density for each image using ImageJ software.
BrdU staining
Astrocytes were cultured on coverslips and treated with 10 mM BrdU for 3 h in the incubator. Cells were then fixed with 4% paraformaldehyde (PFA) in PBS for 30 min at room temperature, permeabilized with 0.1% Triton in PBS and incubated with 1M HCl for 10 min on ice, followed by 10 min of 2M HCl at room temperature. Samples were neutralized using phosphate/citric acid buffer (182 mM Na 2 HPO 4 , 9 mM citric acid, pH 7.4), washed with PBS-T and incubated at 4 C over night with anti-BrdU antibody (1:500, Santa Cruz Biotech sc-56258). Coverslips were developed with anti-rat secondary antibody coupled to Alexa 488 (Life Technologies) and mounted in 4 0 ,6-diamidino-2-phenylindole (DAPI)-containing mounting medium (Life Technologies). Cells were imaged on a confocal microscope, a total of 80-100 cells per genotype from three independent cultures were imaged. BrdU-stained nuclei were counted using Image J software.
Cell counts for proliferation assay
Astrocytes were seeded into 6-well plates, and 2, 3 or 4 days after seeding, each single well was trypsinized and viable cells (negative for Trypan blue staining, a minimum of 50 viable cells per sample) were manually counted in a Neubauer chamber under the microscope. For each well, the number of viable cells per well was calculated. Three independent cultures with three technical replicates each were analyzed.
Behavior testing
Mice were weighed and tested on an accelerating rotarod longitudinally every 2 months from 2 to 12 months of age as described previously (72) . Briefly, 2-month-old mice were trained over 3120 s trials per day for 3 days on an 18rpm fixed speed rotarod. Mice that fell were returned immediately to the rod. Mean latency to the first fall and mean falls for the three trials were scored. Mice were tested over 3300 s trials on an accelerating rotarod (5-40rpm), and mean latency to fall for the three trials was scored. Exploration of an elevated plus maze as previously described (72) was used to evaluate anxiety-like behavior at 6 months of age. Briefly, mice were placed in the center of an elevated plus maze, and exploration was recorded during a 5 min trial by a ceiling-mounted video camera. Time spent in the open arms was scored by Ethovision XT 7 animal tracking software (Noldus) as a measure of anxiety.
Open field exploration for evaluation of anxiety-like behavior and object learning for evaluation of spatial learning and object recognition were performed as previously described (72) at 4 and 8 months of age. Briefly, mice were placed in a 50 Â 50 cm open top box under bright lighting and exploration was recorded during a 10 min trial by a ceiling-mounted video camera. Distance traveled and time spent in the center of the field were scored as measures of activity and anxiety, respectively, using Ethovision XT 7. After a 5 min intertrial interval (ITI), mice were returned to the box, now containing two objects in the upper corners. After a 5 min exploration, mice were given a 5 min ITI during which the right hand object was moved to the lower corner. Mice were then given another 5 min exploration. The proportion of investigations to the target object on the right was scored using Ethovision XT 7 as a measure of spatial learning. On the following day, mice were returned to the box for a 5 min acclimation, given a 5 min ITI and then allowed to explore the box for 5 min with the same two objects now back in their original positions. After a 5 min ITI, the object on the right was replaced with a novel object and the mice were given another 5 min exploration. The proportion of investigations to the target objet on the right was scored using Ethovision XT 7 as a measure of object recognition. Data for any mouse that failed to investigate both objects were excluded.
A modified Porsolt forced swim test for evaluation of depressive-like behavior was performed as previously described (35) at 12 months of age. Briefly, mice were placed in transparent cylinders filled with room temperature water for 6 min. A video camera was used to record activity from the side. Time spent immobile was scored for the final 5 min of the trial.
Neuropathology
Mice were anesthetized with 2.5% Avertin IP followed by transcardiac perfusion with PBS and 4% PFA. Brains were postfixed in 4% PFA in PBS for 24 h at 4 C. Brains were cryoprotected in 30% sucrose with 0.01% sodium azide. Once equilibrated, brains were divided into forebrain and cerebellum and weighed. Forebrains were then frozen on dry ice, mounted in Tissue-TEK O.C.T. embedding compound (Sakura) and cut via cryostat (Leica CM3050S) into a series of 25 mm coronal sections freefloating in PBS with 0.01% sodium azide. Stereological volumetric analysis was performed as previously described (72) . Briefly, a series of sections spaced 200 mm apart and spanning the striatum were stained for NeuN (1:1000, Millipore) using biotinylated anti-mouse secondary antibody (1:1000, Vector Laboratories), the ABC Elite Kit (Vector) to amplify signal and 3, 3 0 -diaminobenzidine (Thermo Scientific)
detection. Structures were traced using Stereo Investigator software (MBF Bioscience) and volumes determined using the Cavalieri principle.
Quantification of GFAP staining
GFAP immunostaining and imaging were performed as previously described (73) using a series of four sections spaced 200 mm apart and spanning the central portion of the striatum. Quantification of GFAP staining was performed using ImageJ software. The striatum was traced, and the region of interest (ROI) obtained. The threshold was set by adjusting the upper bar to visualize GFAP staining while maintaining a dark background. The lower bar was kept at a value of 255. Threshold settings were maintained for image stacks of all sections from each brain and all brains of each cohort. The integrated optical density of staining was measured using the ROI manager and the average value for each mouse was used for analysis.
Statistical analysis
Mice exhibiting a reactive phenotype as determined by abnormal brain morphology (enlarged triangular forebrain and total brain weight over 500 mg) were excluded from behavioral analysis. Data are expressed as mean 6 S.E.M. unless otherwise noted. Analyses were performed with one-or two-way-ANOVA and Bonferroni post hoc tests (significance markers on figures) using GraphPad Prism 5.0 unless otherwise noted. Differences were considered statistically significant for P < 0.05.
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